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ABSTRACT

Genetic improvement of commercial lines has been a key component in the
increased production of eastern oysters (Crassostrea virginica). One form of genetic
improvement, induced triploidy, is commonly used to produce sterile oysters with faster
growth and higher meat quality. However, the details of the physiological advantage
provided by triploidy are poorly understood. Whole animal respiration is an important
indicator of an individual’s capacity to meet increased energetic demands for growth and
stress response. I have developed an assay for the Agilent’s XFe96 Extracellular Flux
Analyzer to measure metabolic capacity (i.e., rates of basal, maximal, mitochondrial, and
non-mitochondrial oxygen consumption) in intact, recently settled eastern oysters (spat).
In developing this assay, I optimized the concentration of two pharmacological agents,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and sodium azide
(NaAz), required for estimating maximal and mitochondrial oxygen consumption rates
(OCR) in spat samples. I found that 2 µM FCCP and 50 mM NaAz resulted in the best
resolution of these partitions. A goal of my research is to use this assay to evaluate the
metabolic capacity of oyster lines during the hatchery phase of their production. Thus, I
utilized my assay to compare the metabolic capacity of diploid spat from the Rutgers
Haskin NEH line to triploid spat from a cross of DEBY diploids and VIMS
tetraploids. The triploid spat had increased levels of basal, maximal, and mitochondrial
rates. The results of my study suggest that the XFe96 Analyzer provides a valuable
platform for measuring metabolic variations among genetically improved oyster lines.
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CHAPTER I
INTRODUCTION
The eastern oyster, Crassostrea virginica, has historically been the focus of a
major commercial fishery in the United States. Over the past century, however, oyster
beds have been overfished and decimated by disease (Hedgecock, 2011). In recent
decades, effort has shifted to the use of aquaculture to supply demand, and this has led to
substantial growth in production of farm-raised oysters. For example, oyster aquaculture
in Maine has grown considerably with significant increases in commercial harvests since
2011 (Maine DMR, 2020; Figure 1). In 2017, NOAA Fisheries reported commercial
landings of C. virginica were worth $6,522,604, the bulk of which were cultured
oysters. To meet the increasing demand for seafood, predictions suggest that by 2030
global aquaculture production will need to increase by 70% (Cole, 2017). Oyster culture
can help meet this demand, but continued growth of the oyster industry is reliant upon
genetic improvement, otherwise, the yield will be constrained by the amount of coastline
acreage (Hedgecock, 2011). Genetic improvements, such as selective breeding or
manipulation of chromosome content (ploidy), will allow for increased production
efficiency thus contributing to higher yields (Hedgecock, 2011).
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Figure 1. Harvest information (pieces, left axis and $US, right axis) for farm-raised Crassostrea virginica
in Maine from 2005 to 2019 (Maine DMR, 2020).

Many commercial oyster stocks have been selectively bred to resist disease, or
maintain more uniform growth (Allen et al., 1993). Genetic improvements based on
selective breeding are created by choosing specific individuals to mate together in order
to yield offspring with the desired parental phenotype. The term genetic line is often
used to describe the descendants in a closed group of selectively bred oysters. Since
1957, oyster farms on the United States East Coast have experienced the effects of
diseases such as multinucleated sphere X (MSX), caused by the parasite Haplosporidium
nelsoni. In the mid-1960s, as mortalities due to MSX continued to devastate oyster
yields, a breeding program for C. virginica led by Rutgers University produced an MSXresistant line (Proestou et al., 2016). With the spread of MSX, hatcheries across the East
Coast began to spawn this disease resistant oyster line (Allen et al., 1993). Selection for
2

Dermo resistance, another disease caused by the parasite Perkinsus marinus, was
incorporated into the MSX-resistant lines. This line is commonly used in hatcheries
today and has been designated as the Rutgers University Haskin Shellfish Research Lab’s
Northeastern High Survival Resistant Line (or Rutgers Haskin NEH; Proestou et al.,
2016). The Aquaculture Genetics and Breeding Technology Center at the Virginia
Institute of Marine Science (ABC VIMS) later bred their own Dermo-resistant lines,
called the DEBY line, by incorporating some of the original MSX-resistant lines from the
Delaware Bay for use in the Chesapeake Bay (ABC, 2009).
Ploidy manipulation is another approach that has been used to create oyster lines
with improved production phenotypes. Oysters are diploid, as their cells typically carry
two copies of each chromosome (2N) in their nuclear genome. Recent advances have
facilitated the creation of tetraploid oyster lines, containing four copies of each
chromosome (4N). Although tetraploids are not durable enough to be cultured, the sperm
from male tetraploids have been used to successfully fertilize the eggs from diploid
females (Hedgecock, 2011). The resulting triploid (3N) offspring typically exhibit faster
growth than diploid oysters, and have improved meat quality and marketability during the
summer spawning months – when diploids release gametes and become “watery” in
texture (Hedgecock, 2011). Triploid oysters are also known for improved disease
resistance, as their tetraploid fathers are often produced from DEBY diploids, or a similar
disease-resistant diploid line (ABC, 2009; Guévélou et al., 2019). Triploid oysters have
become more popular among oyster farmers over the past two to three decades,
contributing to the growth in oyster aquaculture in the northeastern U.S. In 2015, triploid
oysters accounted for 40-50% of oyster aquaculture in the US (Guo, 2015). Triploid
3

oysters have also been used for conservation of natural biodiversity, as triploid
populations are largely sterile and are thus much less likely to reproduce and contaminate
wild oyster populations (Hedgecock, 2011).
Selective breeding programs for eastern oysters initially focused on disease
resistance, which has led to increased rates of survival to market age. In turn, higher
survival led to increased yields, an outcome that is desirable to oyster growers. Although
less attention has been given to increasing yield through faster growth, previous studies
have found that triploid C. virginica generally have higher survival and growth rates
compared to their diploid counterparts (e.g., Dégremont et al., 2012). These studies did
not, however, measure the underlying context of the cause behind triploid oysters’
improved physiological performance. Measuring an individual’s metabolic capacity to
meet increased energetic demands is central to understanding how much energy is
available for growth, immune response, and overall metabolic resilience to stressors; all
of which will increase yield. The overarching goal of my research is to compare the
metabolic capacity of diploid and triploid oyster lines.
Cellular metabolism in eukaryotes is heavily dependent on the function of
mitochondria – membrane-bound organelles that have a primary role in the oxidation of
organic compounds to provide cellular energy in the form of adenosine triphosphate
(ATP; Osellame et al., 2012). In addition to an external membrane, mitochondria have an
internal membrane structure which separates the intermembrane space from an inner
matrix region (Figure 2). Many of the key enzymes involved in metabolic (energy
producing) reactions are located in the mitochondrial matrix, or embedded in the inner
membrane of the mitochondria.
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Figure 2. Diagram of the oxidative phosphorylation pathways in the mitochondria, which facilitate ATP
synthesis (Fvasconcellos, 2007).

Carbohydrates, fats, and proteins can all be oxidized by the cell to produce ATP,
in a series of subsystems known collectively as the oxidative phosphorylation system.
For example, glycolysis in the cytoplasm of the cell converts carbohydrates into pyruvate,
which is then imported into the mitochondrial matrix and further converted into acetylCoA. Within the matrix, this latter compound is then enzymatically added to
oxaloacetate and oxidized via seven different enzymatic reactions, known as the citric
acid cycle (middle, Figure 2). Through this process, electrons are removed and passed to
the cofactors nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
5

(FADH2). These reduced cofactors carry the electrons to four enzyme complexes
embedded in the inner membrane of the mitochondria, labeled I, II, III, and IV, along
with cytochrome c (Figure 2). Electrons from the cofactors are passed along the substrate
oxidation subsystem, and their free energy is used to pump protons (H+) from the matrix
into the intermembrane space. When they eventually reach complex IV, the electrons are
transferred to oxygen, reducing it to water. The citric acid cycle and oxidation of
cofactors combined is often referred to as the substrate oxidation subsystem of
mitochondrial metabolism.
The activity of the substrate oxidation subsystem builds an electrochemical
gradient in the form of an excess of protons (H+) in the intermembrane space. This
proton gradient provides the motive force necessary for ATP synthase to drive ATP
production. As the ATP synthase acts independently from the substrate oxidation
subsystem, it is typically referred to as the phosphorylation subsystem. However, not all
protons move down the concentration gradient through the phosphorylation subsystem.
A minority of protons will return to the inner matrix without travelling through the ATP
synthase, in what is known as the proton leak. A very large proton gradient can therefore
cause an increase in oxygen consumption, as the proton leak increases, and the substrate
oxidation system works to re-establish the gradient. Mitochondrial function is a balance
between these three interacting subsystems: substrate oxidation, phosphorylation through
the ATP synthase, and the proton leak. The metabolic capacity, in turn, is how the
mitochondrial function affects that individual’s ability to respond energetically to a broad
range of conditions. The reserve capacity an individual has to respond to increased
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energetic demands is reliant on both the composition of mitochondrial function and the
mitochondrial population size (Hill et al., 2012; Raftery et al., 2017).
Metabolic rate, and by inference, mitochondrial function, has typically been
measured through a variety of approaches. Often mitochondrial function is estimated by
measuring oxygen consumption, assuming that the majority of oxygen consumed by the
cell is reduced by the substrate oxidation subsystem (Bayne, 2017). Other studies have
estimated metabolic rate by measuring adenosine triphosphate (ATP) turnover (Bayne,
2017), or measured oxygen consumption directly associated with isolated
mitochondria (e.g., Ivanina et al., 2012 & 2016). These methodologies have their
drawbacks. For one, these experiments are often time intensive and rely on limited
sample sizes, due to the complexity of the techniques employed (Raftery et al., 2017).
Additionally, isolating mitochondria removes whole organism context, as this is
measuring the mitochondrial function without the impact of cellular regulation
interactions, and without the relationship dynamics of multiple mitochondria response to
increased energy demand (Hill et al., 2012; Storey, 2004).
Recent technological advances have allowed for instantaneous measurements of
oxygen consumption with easy repeatability, in order to quickly investigate these possible
interactions with mitochondrial function. The XFe96 Extracellular Flux Analyzer
(Agilent, Inc.) is a platform that is designed for analyzing mitochondrial function in cell
cultures, but can be applied to analysis of small, whole organisms, under a wide variety
of conditions. Commonly used in the medical field for assays of cell cultures (Hill et al.,
2012), it has also been used to assess whole zebrafish larvae (Jayasundara et al., 2015)
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and planarians (Osuma et al., 2018). The metabolic capacity of an individual can be
mapped as the change in oxygen consumption rate (OCR) under various conditions.
The XFe96 Extracellular Flux Analyzer can measure temporal variation in OCR,
in vivo, of a given specimen (Hill et al., 2012). Typical experiments include
measurements of a basal metabolic rate, or basal OCR, which represents the rate
expressed by an organism in their typical environment. However, the use of
pharmacological agents allows for further derivations of the assay, such as for measuring
for maximal OCR and partitioning basal OCR into its mitochondrial and nonmitochondrial components. Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(FCCP) is a proton uncoupler; exposure to this agent causes the mitochondria to
continually demand oxygen and thus simulates maximal respiration (Hill et al., 2012;
Raftery et al., 2017). FCCP produces this pharmacological effect by preventing
production of a proton gradient across the inner mitochondrial membrane. Therefore,
FCCP “uncouples” oxidative phosphorylation, which requires the gradient to produce
adenosine triphosphate (ATP) – a molecule that carries the energy needed for cellular
processes (Hill et al., 2012; Osellame et al., 2012). Sodium azide (NaAz) is a
pharmacological inhibitor, used to estimate the fraction of the basal OCR which is nonmitochondrial. Sodium azide acts to block oxidative phosphorylation by poisoning the
mitochondria, and thus prevents mitochondrial-based oxygen consumption of the cell
(Raftery et al., 2017; Hill et al., 2012). The remaining measured OCR is attributed to
non-mitochondrial sources, such as oxidases involved in hydrogen peroxide production
(Hill et al., 2012).
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Use of these pharmacological agents, which target various parameters of
mitochondrial function, allows for an estimation of the individual’s overall metabolic
capacity. For example, the metabolic partition of the reserve capacity is calculated as the
difference between the basal rate and the maximal respiration rate, induced by FCCP (see
Figure 3; Hill et al., 2012; Jayasundara et al., 2015). This mitochondrial reserve capacity
can be used to infer an individual’s ability to respond to additional energy demands
(Bayne, 2017; Hill et al., 2012). The difference between basal OCR and nonmitochondrial OCR (induced by NaAz exposure) infers total mitochondrial respiration in
the organism (see Figure 3 and Jayasundara et al., 2015). The total mitochondrial
respiration can provide insights into an individual’s mitochondrial regulation, within the
context of metabolic regulation in the whole body (Hill et al., 2012) – unlike in methods
which require isolation of mitochondria. Where previous studies have used the XFe96
Extracellular Flux Analyzer study mitochondrial function in cell cultures and tissues, to
date none have attempted to use this device to examine oyster metabolism.
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Figure 3. Metabolic capacity and associated partitioning. The black line is an example of the average
oxygen consumption rate (OCR) over time for 84 oyster spat, with OCR during basal cycles in fuchsia and
the changes in OCR following exposure to FCCP and NaAz in pink and red, respectively. The metabolic
partition for reserve mitochondrial capacity is calculated by subtracting the basal OCR from the maximal
OCR, and the total mitochondrial respiration is calculated by subtracting the non-mitochondrial OCR from
the basal OCR (see text). Adapted from Jayasundara et al. (2015).

In this study, I address the potential of utilizing the XFe96 Extracellular Flux
Analyzer for measuring metabolic function in different life stages and different genetic
lines (including diploid and triploid lines) of C. virginica. I focused on early life stages
that are raised in the hatchery before oysters are deployed in the field so that my assay
may serve as an early, hatchery stage, predictor of the metabolic capacity of oyster lines.
Ideally, this assay should work with larvae. However, I was concerned that the mobility
of larvae could cause potential problems as they are motile and can potentially swim
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(escape) from the measurement window during critical periods in the assay. In addition,
late stage larvae are likely to be investing considerable metabolic energy in
metamorphosis, which could confound results. On the other hand, recently settled
individuals (spat), are fairly immobile, they are past metamorphosis, and they use all of
their spare energy for growth, with none spent on reproduction (Kooijman,
1993). However, they must be of a size (< 1.5 mm shell height) to fit into the
microchamber used by the XFe96 Extracellular Flux Analyzer. In this study, I explored
the use of this assay with both larvae and spat.
Mapping the metabolic capacity of oysters provides information on how the
growth potential and resilience to stressors varies among genetic lines. The ability to
resist disease is a vitally important facet to increased oyster yields (Rawson & Feindel,
2012). Improvements on selective breeding for disease resistance could be made with
information on their metabolic reserve capacity, as more resilient oysters are expected to
have improved immune function and overall health. This information could also provide
insight on the currently unexplained triploid mortality occurring in the Chesapeake Bay
(Guévélou et al., 2019), through measurements of their reserve capacity to respond to
stressors.
In this thesis, I address: first, the ideal life stage of oyster to use in the XFe96
Extracellular Flux Analyzer; second, the usage and dosage concentrations of
pharmacological agents in order to measure different partitions of the oysters’ metabolic
capacity; and third, examine the variability in metabolic capacity among diploid and
triploid oysters.
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CHAPTER II
METHODS
Oyster Lines
All oysters used in this thesis project were generously provided by Mook Sea
Farm (MSF), of Walpole, Maine. MSF provided larvae and spat from several genetic
lines commonly used by commercial eastern oyster farms along the East Coast. In initial
experiments working with larvae, MSF provided triploid larvae from a cross between
Rutgers Haskin NEH diploid broods and tetraploid broodstock produced by VIMS ABC
(Table 1: NEHD-3N; experiments 1 and 2) or a cross between diploid broodstock from
the DEBY line and the VIMS tetraploids (DEBY-3N; experiments 7 and 13). Later
experiments employed recently set oysters (spat) with either of diploid or triploid
genotypes (Table 1). Triploid spat originated from a DEBY diploid and VIMS tetraploid
cross (DEBY-3N; experiments 14, 15 and 17). Diploid spat, which I used in the genetic
line comparisons (NEH-2N; experiments 14-17), were produced by spawning male and
female diploid broods from the Rutgers Haskin NEH line.
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Exp#

Stage

1

Line

Agent
Concentration

Perio
d

Larvae NEHD (3N)

*

Basal

Cycle # Time (Mix,
Wait,
Measure)
---

2

Larvae NEHD (3N)

*

Basal

--

--

7

*

Basal

10

Larvae DEBY
& Spat (3N:larvae)
NEHD (3N:spat)
Spat
DEBY (3N)

Basal
FCCP

2, 2.5, 3
2.5, 3, 3.5
3, 3, 3
1, 1, 5
1, 1, 3
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Spat

DEBY (3N)

Basal
FCCP
NaAz

10
5
15

1, 1, 3
1, 1, 3
1, 1, 3

12

Spat

DEBY (3N)

Basal
FCCP
NaAz

10
5
20

----

13

Larvae DEBY (3N)

14

Spat

NEH (2N)

15

Spat

DEBY (3N) &
NEH (2N)

Basal
FCCP
NaAz
Basal
FCCP
NaAz
Basal
FCCP
NaAz

10
5
15
10
5
15
10
5
25

1, 1, 3
1, 1, 3
1, 1, 3
1, 1, 3
1, 1, 3
1, 1, 3
1, 1, 3
1, 1, 3
1.5, 2, 3
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Spat

NEH (2N)

Basal
FCCP
NaAz

10
5
25

1, 1, 3
1, 1, 3
1.5, 2, 3

17

Spat

DEBY (3N) &
NEH (2N)

FCCP gradient
–
0, 3, 4, 6 𝜇M
FCCP gradient
–
0, 2, 3, 4 𝜇M;
3 mM NaAz
2 𝜇M FCCP;
NaAz gradient
–
0, 2, 4, 6 mM
Larvae with:
2 𝜇M FCCP &
6 mM NaAz
Spat with:
2 𝜇M FCCP &
6 mM NaAz
Line
comparison:
2 𝜇M FCCP &
6 mM NaAz
2 𝜇M FCCP;
NaAz gradient
–
10, 30, 50, 100
mM
Line
comparison:
2 𝜇M FCCP &
50 mM NaAz

4
4
4
10
10

Basal
FCCP
NaAz

10
5
25

1, 1, 3
1, 1, 3
1.5, 2, 3

Table 1. Experimental trials and corresponding details. Experiment numbers are not necessarily sequential,
as additional training runs are not shown. The parentage of each genetic line (“Line”) is described in the
text. For experiments employing pharmacological agents, the concentration gradients are indicated in the
column “Agent Concentration.” Asterisks denote that no pharmacological agent was added during a
particular experiment. “Period” corresponds to cycles where basal, post-FCCP injection, or post NaAz
OCR was measured, while “Cycle #” indicates the number of each type of cycle included in an experiment,
and time refers to the intervals (in minutes) for mixing, waiting and measuring used during each cycle type.
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Cohorts of larvae and spat were produced following the standard protocols used at
Mook Sea Farm. Post spawning, larvae were cultured in 23-24°C for 12-14 days, then
sieved and placed on screens to settle. Larvae were sampled at eyed pediveliger stage
and transported same day to the Rawson Lab at the University of Maine in an insulated
larval rearing jar. Spat were sieved and those retained on a 500 µm screen (shell height ~
1 mm) were sampled, wrapped in a dampened cloth and transported the same day to the
Rawson lab in an insulated container. Larvae and spat were held in incubators kept at a
stable temperature (21-22°C), with re-circulating 0.2 micron filtered, 30 ppt artificial
seawater. They were fed ad-libitum with a mixture of Isochrysis sp. (T-iso strain),
Chaetoceros muelleri, and Tetraselmis sp.

Sample Preparation
The XFe96 Extracellular Flux Analyzer is a platform which is intended to
measure the oxygen consumption rate (OCR) and extracellular acidification rates
(ECAR) of cell cultures placed in the bottom of associated 96-well, polystyrene
plates. These measurements, in conjunction with the application of appropriate
pharmacological agents, can be used to assess mitochondrial function. To measure
oxygen consumption, solid state sensor probes descend into each well (3.8 mm diameter
depression with tapered walls) of the spheroid microplate. The probes lower to
approximately 200 microns above the biological sample, forming a transient
microchamber with a total volume of approximately 2 µl. The probes contain
fluorophores that detect changes in oxygen and proton levels within the microchamber. A
typical analysis includes multiple measurement “cycles”; between cycles the probes
14

repeatedly mix the medium in a “mixing period,” followed by a “waiting period” to allow
for re-equilibration of the media with atmospheric oxygen concentrations. The flux
analyzer thus starts each measurement period with 100% oxygen saturation, avoiding any
decrease in organismal OCR that can occur at lower levels of oxygen saturation. During
each cycle, the XFe96 Extracellular Flux Analyzer estimates the average OCR value in
picomoles per minute across the specified measurement period. Basal cycles typically
consisted of a one minute mixing period, one minute waiting period, and a three or five
minute measurement period. In my experiments, basal respiration (i.e., respiration in the
presence of seawater or seawater/MgCl , only) was typically measured during five to ten
2

of these “basal” cycles (Table 1).
After measuring basal OCR, injection ports can deliver up to four
pharmacological agents to the media, allowing for in vivo measurements of metabolic
partitioning. In this study, the pharmacological agents carbonyl cyanide 4(trifluoromethoxy) phenylhydrazone (FCCP), and sodium azide (NaAz) were used to
establish maximal and non-mitochondrial respiration OCR, respectively (Table 1:
experiments 10-17). These compounds were loaded into the injection ports as per the
manufacturer’s instructions. Each injection was followed by an initial cycle with no wait
time, to determine the initial response to the pharmaceutical, before continuing with the
cycles described in Table 1.
For all experiments, I prepped the wells in each plate by adding 125 µL of 0.2
micron filtered, 30 ppt artificial seawater. Depending on the experiment trial, late veliger
to early pediveliger stage oyster larvae, or recently settled spat (1-1.5 mm shell height)
were individually pipetted along with 25 µL of seawater into the bottom of an individual
15

well. Each plate included biological samples (larvae or spat) in 80-84 of the 96
wells. The rest of the wells received 25 µL of seawater with no live sample, and served
as controls. All experiments were run in the XFe96 Extracellular Flux Analyzer within
one to two hours of plating. The plates were run at temperatures between 27-30°C, and
OCR measurements were taken over a total of four to six hours, depending on the number
and type of measurement cycles being conducted (Table 1). The Flux Analyzer, all
associated plates, and pharmacological agents were generously provided by the
Jayasundara Lab at the University of Maine. Experiments were conducted between May
and July 2019.

Larval Experiments
The XFe96 Extracellular Flux Analyzer was designed to measure the oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) of stationary cell
cultures placed in the base of each well, but has also been used to measure OCR in whole
organisms, including larval fish (e.g., Raftery et al., 2017). These previous studies relied
on the compound MS-222 to anesthetize larval fish and prevent movement. However,
MS-222 has limited efficacy on marine invertebrates. Lewbart and Mosley (2012)
recommend magnesium chloride (MgCl2) as a muscle relaxant in bivalves, which is
known to have good anesthetic effects, but require induction periods of 90 minutes at
approximately 3.5%. I examined whether various mixtures of MgCl2 with seawater
would slow oyster larval movement, so that larvae would remain in the microchamber of
each well during mixing and measuring periods, and therefore produce more consistent
OCR measurements. I tested whether mixtures of a MgCl2 solution, isotonic with the 30
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ppt seawater at 30 g•L-1 MgCl2, would prevent movement of larvae without affecting
oxygen consumption (Table 1: experiments 1, 2 and 7). In these experiments, I tested the
efficacy of mixing the MgCl2 solution at ratios of 1:9 (10%), 1:1 (50%) and 9:1 (90%)
with 30 ppt seawater. I also examined whether adding three larvae (versus a single larva)
in wells containing the 1:1 MgCl2 solution would increase the measured OCR above
background levels. Finally, I also assessed whether FCCP and NaAz had measurable
effects on larval OCR in experiment 13.

Spat Experiments
An initial experiment with spat (experiment 7) examined whether I could detect
an increase in basal OCR for post-set oysters relative to the values obtained for larval
oysters. Based on the results of that experiment, I then conducted experiments to
determine the appropriate concentration of FCCP and NaAz for estimating maximal and
non-mitochondrial respiration, respectively, in spat. After each experiment, I used the
graphical output from the real-time WAVE analysis software included with the XF 96
e

Extracellular Flux Analyzer to estimate the effect of varying concentrations of each
pharmaceutical on spat OCR. I later analyzed the effects of these concentrations
statistically to confirm and refine the dosages.
I compared diploid (2N) and triploid (3N) spat to determine whether ploidy level
affects basal, maximal, and non-mitochondrial OCR. In experiments 15 and 17, I
compared the metabolic profiles of Rutgers Haskin NEH diploid spat to a triploid spat
from a cross of DEBY diploids and VIMS tetraploids (Table 1). Experiment 15 included
42 diploid and 42 triploid spat samples, with a final FCCP concentration of 2 µM, and a
17

NaAz concentration of 6 mM. Due to timing, the diploid and triploid spat tested in
experiment 17 were older and had become contaminated with stalked ciliates (n.d.; likely
Vorticella sp.). With fewer oysters to select from, experiment 17 included 42 diploid and
29 triploid spat samples. This experiment used the same final concentration of FCCP (2
µM), but the NaAz concentration was increased to 50 mM based on the results of
experiment 16.

Statistical Analysis
All statistical analyses were performed with R version 3.6.1 (R Development
Core Team, 2019). Treatment comparisons (e.g., between FCCP concentrations) and
statistical analyses were conducted on data from individual plates. I did not replicate a
specific experimental design on any two plates and therefore I only compared separate
experiments visually, and not statistically.
Occasionally, large changes in OCR within a given well would occur during the
basal measurement cycles. I assumed that these measurements represented outliers,
possibly caused by the larva floating out of the microchamber prior during mixing
periods, or due to the spat closing and not respiring during the measurement period. I
removed cycle-specific basal OCR outliers from subsequent analyses if the value for a
specific cycle was outside of one standard deviation away from the mean OCR for all
basal cycles of that well. For the FCCP treatment, I selected the cycle with the highest
OCR value following FCCP injection and before any NaAz injection for the well. To
obtain the change in OCR due to NaAz, I selected the cycles with the three lowest OCR
values after the NaAz injection. I also removed whole well data from the dataset if the
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basal OCR average for that well was outside of one standard deviation from the overall
basal OCR value for the plate. Wells were also excluded if the post-experiment
examination showed damage to the oyster due to the probe movement during the
experiment.
In my experiments testing the effects of pharmacological agents, I first examined
whether mean basal OCR differed among the treatment groups, i.e., groups which
received different levels of either FCCP or NaAz. I used a nested analysis of variance
(ANOVA) to compare mean OCR differences across the treatment groups, as this first
accounted for the variance in OCR among cycles, within each well. Because I estimated
maximal respiration from the single highest OCR value following the FCCP injection, in
each well, a nested ANOVA was not appropriate. Thus, I used a single factor ANOVA
to compare mean OCR differences among the experimental groups exposed to different
levels of FCCP. To analyze the effects of varying dosages of NaAz, I again used a nested
ANOVA to account for the variance in OCR among the selected cycles for each well.
Post-hoc multiple comparison tests (Tukey’s HSD) were applied to identify significant
differences between the individual dosages.
For experiments comparing metabolic differences between oyster lines, I used a
similar approach. Differences in the mean basal and non-mitochondrial respiration were
evaluated via nested ANOVA, and differences in maximal OCR were evaluated via
single factor, one-way ANOVA. In addition, I used a one-way ANOVA with post-hoc
multiple comparison tests (Tukey’s HSD) to determine if the mean OCR differed
between the basal, maximal, and non-mitochondrial values.
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I calculated values for the metabolic partitions of reserve respiratory capacity and
mitochondrial respiration (see Figure 3). The reserve capacity was calculated by
subtracting the basal rate from the maximal rate for each well. Similarly, the total
mitochondrial respiration per organism was calculated by subtracting non-mitochondrial
OCR from the basal rate. I used a one-way ANOVA to assess whether the mean values
for these two metabolic partitions (reserve respiratory capacity and mitochondrial
respiration) differed between oyster lines, and identify significant differences between
their metabolic partitioning. Prior to all ANOVAs, I examined normality of each variable
and also conducted post-hoc analyses of the homogeneity of variance via QQ-plots and
scatterplots of the residuals versus fitted observations.
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CHAPTER III
RESULTS
Larval Respiration
To determine whether the larval stage would be a suitable life stage at which to
measure metabolic rate in oysters using the XFe96 Extracellular Flux Analyzer, I
analyzed basal OCR for larvae under a total of eight experimental conditions on four
different plates with (Table 1 and Figure 4). In experiment 1, average basal OCR without
MgCl2 was 8.7 pmol O2 • min-1 which increased to 20.9 pmol O2 • min-1 with larvae
exposed to the 50% MgCl2 treatment (Figure 4, red boxplots). Although none of the
larvae exposed to the 50% MgCl2 treatment had negative OCR (OCR lower than the
background control wells), the variance in OCR increased relative to the control larvae.
Increasing MgCl2 to 90% resulted in basal OCR levels (8.7 pmol O2 • min 1) similar to
-

those observed for larvae in seawater, alone, but also resulted in negative OCR estimates
for several larvae. Based on these results, I used 50% MgCl2 to anesthetize larvae for all
subsequent larval experiments.
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Figure 4. Median and variation in basal OCR (pmol O2 • min-1) for eight experimental conditions applied
during experiments 1, 2, 7, and 13 (see Table 1). The middle line of each boxplot represents the median
OCR, the boxes contain the second and third quartiles, and the whiskers indicate the first and fourth
quartiles. Outliers are plotted as individual points. Experiments 1 and 2 involved triploid Haskin NEH
larvae with differing levels of MgCl2. Twenty-one total samples were anesthetized with either 50% or 90%
MgCl2, while basal OCR in controls was measured in just filtered seawater (red boxplots). In experiment 2,
I also examined the effect of adding three larvae (n=8 wells) versus one (n=8 wells) to each well with 50%
MgCl2 (orange boxplots). In experiment 13 (blue boxplots), I used triploid DEBY larvae, anesthetized with
50% MgCl2, along with the pharmaceutical agents FCCP (2 µM, n=37 wells) and NaAz (6 mM, n=37
wells). Experiment 7 (green boxplot) compared the basal OCR of triploid Haskin NEH spat (n=48 wells)
from the triploid NEH brood to larvae basal OCRs.

In experiment 2, I assessed whether placing three larvae in each well would result
in a detectable increase in well-specific OCR compared to wells with a single larva
(Figure 4, orange boxplots). The average basal OCR for the wells with one larva was 8.6
pmol O2 • min-1 while that of the wells with three larvae was 13.3 pmol O2 • min-1.
Although there was a 60% increase in mean basal OCR for three larvae versus one, there
was also a substantial increase in variance, and for many wells with three larvae, basal
OCR values were barely above background.
I compared basal OCR for individual larvae to that of individual spat in
experiment 7 (Figure 4, green boxplot). In previous results for experiment 1, the basal
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OCR for larvae averaged between 8 to 20 pmol O2 • min-1. In contrast, the spat had an
average OCR of 89 pmol O2 • min-1, which was a four- to ten-fold increase relative to the
larval OCR values. Based on these results, I focused the rest of my experiments on spat.
The exception was experiment 13, in which I included a test of whether FCCP and NaAz
had a measurable effect on larval OCR. In this experiment I dosed larvae with 2 µM of
FCCP and 6 mM of NaAz (Figure 4, blue boxplots). The average OCR following FCCP
injection was 9.5 pmol O2 • min-1, and average OCR following NaAz injection was 7.9
pmol O2 • min-1.

Effects of FCCP and NaAz on Oyster Spat
I assessed the efficacy of different doses of FCCP on the metabolic rate of spat
visually and statistically. My visual assessment involved examining the size of the initial
OCR peak after FCCP was injected, and whether additional peaks in OCR occurred after
the initial peak. An example of this approach is illustrated in Figure 5 for experiments 10
and 11, where I measured OCR after spat were exposed to concentrations of FCCP
ranging from 0 to 6 µM. Based on my observations, I chose an FCCP dosage of 2 µM for
subsequent experiments. This dosage resulted in an increase in OCR that was 40-50% or
more above basal levels and typically resulted in one peak in OCR immediately after
injection. Higher dosages often resulted in a less pronounced peak that occurred up to
several cycles after injection.
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Figure 5. Change in OCR (pmol O2 • min-1) associated with four dosage levels (treatment) of FCCP during
two different experiments. A) Experiment 10, in which triploid spat from the DEBY line were exposed to
FCCP concentrations of 3, 4, or 6 µM (n=14, n=15, and n=15, respectively). FCCP injection occurred
approximately 71 minutes into the experiment, and was followed by a mixing period before
measurement. Wells with 0 µM of FCCP (n=15) acted as a control and were injected with 25 µL of 0.2
micron filtered seawater. No NaAz was injected. B) Experiment 11 average OCR over time in which
triploid spat from the DEBY line were exposed to 2, 3, or 4 µM of FCCP (n=16, n=14, and n=16,
respectively). FCCP injection occurred approximately 51 minutes into the experiment, and was followed by
a mixing period before measurement. Wells with 0 µM of FCCP (n=14) acted as a control similar to
experiment 10. In this experiment I included NaAz treatment at a concentration of 3 mM, 84 minutes into
the experiment. The vertical line in both panels marks the time of FCCP injection.
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For experiment 10, I conducted a nested ANOVA to examine whether basal OCR
(prior to FCCP injection) differed among the spat in each of the four different FCCP
treatments (Figure 6A). The analysis indicated a significant difference in mean basal
OCR among treatment groups, prior to the injection of FCCP (F =7.6601, P<0.0001). A
3,55

post-hoc Tukey test showed that the 4 and 6 µM FCCP treatment groups were
significantly higher than the control group (no FCCP) when the experiment-wise error
was set at 0.05. The results of a one-way ANOVA indicated there was a significant
difference in mean maximal OCR following injection, among spat exposed to varying
levels of FCCP (F =14.703, P<0.0001). Post-hoc pairwise comparisons showed that
3,55

both the 3 and 4 µM FCCP treatment groups had significantly higher mean maximal
OCR compared to the control at an experiment-wise error at 0.05; and the 6 µM FCCP
treatment group had maximal OCR that was lower than the 3 µM level group.
I followed a similar approach in analyzing the results from experiment 11, where I
exposed larvae to 2, 3, and 4 µM FCCP (Figure 6B). A nested ANOVA detected no
significant difference in mean basal OCR among the treatment groups (F =1.7476,
3,56

P=0.1678) prior to the injection of FCCP. The results of a one-way ANOVA examining
the difference in maximal OCR after exposure to FCCP indicated significant differences
among treatment groups (F =3.4725, P < 0.05). Post-hoc pairwise comparisons show
3,56

that the 2 µM level group had significantly higher mean maximal OCR relative to the
control.
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Figure 6. The change in OCR due to exposure of oyster spat to the proton ionophore FCCP. Orange
boxplots indicate the median basal OCR (pmol O2 • min-1) for oyster spat prior to FCCP injection while the
yellow boxplots indicated the median OCR following FCCP injection, in two separate experiments (A:
experiment 10, B: experiment 11). Experimental details are provided in the text and caption for figure 5,
and the format of the boxplots is the same as in figure 4.

I also used both visual and statistical analyses to examine the effect of NaAz on
spat OCR. In experiment 12 (Figure 7A), I observed that a final concentration of 6 mM
NaAz resulted in the largest, most consistent decrease in OCR relative to basal OCR for
individual spat. I revisited this conclusion, however, in experiment 16 and examined the
effect of higher concentrations of NaAz (Figure 7B). The results of this latter experiment
indicated that increasing NaAz concentration to 50 mM visually appeared to generate the
largest and most consistent decrease in OCR.
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Figure 7. The change in average OCR (pmol O2 • min-1) as a function of FCCP and NaAz exposure among
oyster spat. Vertical lines mark time of FCCP injection and NaAz injection. During both experiments,
FCCP injection occurred at approximately 51 minutes, and NaAz injection occurred approximately 79
minutes into the experiment. Injections were followed by a mixing period before measurement. A) The
results from experiment 12 in which triploid DEBY spat were exposed to 2 µM of FCCP and to 2, 4, or 6
mM of NaAz (n=16, n=15, and n=17, respectively). Wells with 0 mM of NaAz (n=17) acted as a control
and were injected with 25 µL of 0.2 micron filtered seawater. B) The results from experiment 16 in which
diploid Haskin NEH spat were exposed to 2 µM of FCCP and to 10, 30, 50, or 100 mM of NaAz (n=17,
n=14, n=13, and n=17, respectively).
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Figure 8. The change in OCR due to exposure of oyster spat to the inhibitor NaAz, with median OCR
(pmol O2 • min-1) measured in experiments 12 and 16 (see Table 1). Experiments were conducted in order
to determine the NaAz dosage causing the greatest decrease in OCR without killing the spat. Experimental
details are provided in the text and caption for figure 7, and the format of the boxplots is the same as in
figure 4.

I also used statistical analyses of experiments 12 and 16 to assess the effects of
varying levels of NaAz dosing on oyster spat OCR. In experiment 12, I compared the
effects of 2, 4, and 6 mM concentrations of NaAz (Figure 8A). A nested ANOVA found
no evidence of any difference in mean basal OCR prior to injection between NaAz
treatment groups F =1.4571, P=0.2351. Although all spat in this experiment were
3,61

exposed to the same 2 µM FCCP dose, a one-way ANOVA indicated there was a
significant difference in maximal OCR among the NaAz treatment groups (F =3.5153,
3,61

P=0.02029) with the 6 mM NaAz group having a higher response to FCCP than the spat
in the 2 mM NaAz group (Tukey’s post-hoc analysis, at P=0.05). Although there was a
noticeable decrease in the mean OCR and a decrease in the variance in OCR following
NaAz injection for the 6 mM NaAz group, relative to the controls in experiment 12, the
difference in means was not statistically significant (F =2.30636, P=0.0855).
3,61
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In a similar manner, I compared the statistical significance of any effect of 10, 30,
50, and 100 mM of NaAz on spat OCR (Figure 8B). A nested ANOVA detected no
differences in basal OCR prior to injection (F =0.5312, P=0.6627), and a one-way
3,57

ANOVA found no evidence for differences in mean maximal OCR (F =0.5761,
3,57

P=0.6331) after FCCP injection and prior to NaAz injection, among the NaAz treatment
groups. A nested ANOVA detected significant differences in the mean OCR following
NaAz injection (F =3.44154, P=0.0226); with the mean OCR for the 50 and 100 mM
3,57

treatment groups significantly lower than the 10 mM group (Tukey’s post-hoc analysis,
experiment-wise error at 0.05).

Figure 9. Variation in average OCR after NaAz injection as a function of average basal OCR. The dashed
line represents a “no response line” where OCRNaAz = OCRBasal. Each point represents an individual oyster
spat tested in experiment 16. All spat were diploid Haskin NEH oysters, and were exposed to 2 µM of
FCCP and 10, 30, 50, or 100 mM of NaAz (n=17, n=14, n=13, and n=17, respectively).

I further explored the effect of NaAz concentration on the OCR of oyster spat
graphically (Figure 9). In this analysis I plotted the mean OCR following NaAz
injection, versus the mean basal OCR for individual spat. This analysis controls for any
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well-to-well variation in OCR that may be due to differences in spat mass. For reference,
I also plotted a line corresponding to a theoretical well in which the post-NaAz injection
and basal OCR were equal (i.e., a no-response curve). From this figure, it is clear that
there is a wide-range in basal OCR values among the spat in experiment 16. Also evident
is that the response among spat exposed to 10 mM NaAz is closer to the “no-response”
curve while the response for spat exposed to both 50 and 100 mM NaAz are much more
pronounced.

Figure 10. Average metabolic profile from experiment 14 demonstrating the ideal dose-response curve for
the change in average OCR (pmol O2 • min-1) after exposure to FCCP and NaAz. Oysters in this experiment
were diploid Haskin NEH spat (n=84 wells) and vertical lines mark time of FCCP injection (2 µM final
conc.) and NaAz injection (6 mM final conc.). FCCP injection occurred at approximately 51 minutes, and
NaAz injection occurred approximately 79 minutes into the experiment. Injections were followed by a
mixing period before measurement.
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Estimating Metabolic Parameters in Oyster Spat
I conducted three experiments (14, 15 and 17) examining the consistency of the
response to 2 µM FCCP and 50 mM NaAz by oyster spat, as well as whether genetic
lines differ in their response to exposure to these two agents. The average response to
these agents by diploid Rutgers Haskin NEH oyster spat in experiment 14 followed the
expected patterns, including a strong increase in OCR from basal (~35 pmol O • min ) to
2

-1

maximal OCR (~115 pmol O • min ) after exposure to 2 µM FCCP (Figure 10). This is
2

-1

followed with a marked decrease in OCR upon exposure to 6 mM NaAz (~10 pmol O •
2

min ). A one-way ANOVA indicated there were significant differences between the
-1

mean basal, maximal, and non-mitochondrial OCR (Figure 11; F =360.12, P<0.0001).
2,936

A post-hoc Tukey test showed that maximal OCR (following FCCP injection) was
significantly higher, and that non-mitochondrial OCR (following NaAz injection) was
significantly lower than basal OCR, at an experiment-wise error of 0.05.
In experiments 15 and 17, I compared the metabolic profiles of Rutgers Haskin
NEH spat with that of triploid DEBY spat (Figure 12). In the first experiment, I used
concentrations of 2 µM FCCP and 6 mM NaAz. I compared the differences in metabolic
parameters using a one-way ANOVA. The analysis was significant (F =195.67,
2,633

P<0.0001), which suggests that there was a significant difference in OCR for basal,
maximal, and non-mitochondrial rates. A nested ANOVA comparing mean basal OCR
of the two genetic groups showed significant variation, F =260.5798, P<0.0001. This
1,56

was also the case for a one-way ANOVA comparing mean maximal OCR (F =40.675,
1,56

P<0.0001) and a nested ANOVA comparing mean non-mitochondrial OCR
(F =197.2847, P<0.0001) between the diploid and triploid spat.
1,56
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Figure 11. Median and variation in OCR (pmol O2 • min-1) for basal cycles (orange), post-FCCP injection
(yellow) and post-NaAz injection (green) during experiment 14. Experimental details are provided in the
text and caption for figure 10, and the format of the boxplots is the same as in figure 4.

Experiment 17 differed from 15 in that I used a final concentration of 50 mM
instead of 6 mM NaAz, while maintaining the exposure to FCCP at 2 µM. There were no
significant differences in mean basal OCR, (nested ANOVA, F =3.6480, P=0.0617),
1,52

mean maximal OCR (one-way ANOVA, F =1.0466, P=0.311), or mean non1,52

mitochondrial OCR (nested ANOVA, F =0.9016, P=0.3467) among the two
1,52

lines. Given no interaction between the genetic groups and the response to FCCP and
NaAz, I used a one-way ANOVA which indicated that overall, there were significant
differences between basal, maximal and non-mitochondrial OCR (F =861.51,
2,603

P<0.0001).
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For both genotype comparisons, I calculated the reserve mitochondrial capacity,
mitochondrial OCR, and non-mitochondrial OCR (i.e., metabolic partitions) for each spat
(Figure 13). Reserve respiratory capacity was calculated by subtracting basal OCR from
maximal OCR for each sample. The results of a one-way ANOVA based on the
difference in reserve respiratory capacity of triploid and diploid spat tested in experiment
15 showed no significant differences between diploid and triploid spat (F =0.0161,
1,56

P=0.8995). Mitochondrial respiration was calculated by subtracting non-mitochondrial
OCR from basal OCR for each sample. A one-way ANOVA based on the difference in
mitochondrial respiration indicated there were no significant differences among diploid
and triploid spat (F =3.6832, P=0.06006). I similarly calculated the differences in
1,56

reserve respiratory capacity and total mitochondrial respiration for experiment 17. The
results of a one-way ANOVA comparing reserve capacity was significant (F =4.7037,
1,52

P=0.03469), as was a one-way ANOVA for mitochondrial respiration (F =1.1659,
1,52

P=0.2852).
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Figure 12. Median and variation in OCR (pmol O2 • min-1) for two oyster lines, with basal cycles (orange),
post-FCCP injection (yellow) and post-NaAz injection (blue) during experiments 15 and 17. Both
experiments used diploid Haskin NEH spat and triploid DEBY spat. All samples were exposed to 2 µM of
FCCP. Oysters in experiment 15 were exposed to 6 mM of NaAz, while those in experiment 17 were
exposed to 50 mM of NaAz. Experiment 15 consisted of 30 diploids and 28 triploids; experiment 17
consisted of 33 diploids and 21 triploids. The format of the boxplots is the same as in figure 4.

Figure 13. Median and variation in OCR (pmol O2 • min-1) for two oyster lines, with calculated reserve
capacity (orange), total mitochondrial (yellow) and non-mitochondrial (post-NaAz injection; blue) during
experiments 15 and 17. Experimental details are provided in the text and caption for figure 12. The format
of the boxplots is the same as in figure 4.
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CHAPTER IV
DISCUSSION
The broad objective of my thesis research was to determine whether the high
throughput XFe96 Extracellular Flux Analyzer could be used to measure metabolic rate in
early life stages of the eastern oyster, C. virginica. For oysters and other marine
invertebrates, an individual’s metabolic rate varies in response to a diversity of
environmental factors, including temperature, exposure to disease, and hypoxia (Bayne,
2017). When these factors become stressors, they substantially disturb the physiological
state of an individual and impact their metabolic energy demands. An individual’s
capacity to respond to that increased demand can be mapped, providing an indication of
how much residual energy is available for growth, immune response, and overall
metabolic resilience. My premise is that variation in metabolic capacity among the spat
from different genetic lines of C. virginica can be used to predict performance of those
lines when hit by stressors later in life.
The metabolic capacity to respond to stress has been widely studied in bivalves,
employing a broad range of methods. For example, Widdows et al. (1989) used
calorimetry and respirometry to determine how the metabolic rate of C. virginica
multiple larvae samples changed when challenged with hypoxic conditions. They found
that, in response to low oxygen levels, larvae significantly reduce physiological activities
and thus lower metabolic demand. In another intraspecific analysis, Bayne et al., (1999)
used nitrogen-15 labeling of C. gigas adult samples to measure the breakdown and
replacement of proteins, also known as protein turnover. They found faster growing
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individuals had lower metabolic costs associated with protein turnover, leaving more
energy for growth. Ivanina et al. (2012 & 2016) also explored the response to hypoxia by
C. virginica and other intertidal bivalves, working with isolated mitochondria. Their
interspecific comparisons demonstrated that intertidal species, like oysters and clams,
have adaptations to balance oxidative phosphorylation systems and sustain energy
production while protecting their mitochondria during hypoxic stress and the following
reoxygenation. However, the methodologies employed in these case studies required that
measurement be taken on groups of individuals (e.g., thousands of larvae; Widdows et
al., 1989), or involved intensive protocols that precluded high throughput and large
sample sizes.
Research on how the metabolism of C. virginica responds to stressors has been
approached through various methods, but not necessarily by methods that put the
response in a real-time, whole organism context. The majority of studies employ
methods requiring intensive protocols, such as mitochondrial isolation or respiration
chambers. These methods require samples to be measured individually with a lack of
easy repeatability (Raftery et al., 2017; Hill et al., 2012). I designed an assay to make use
of the XFe96 Extracellular Flux Analyzer, a tool for modern respirometry which works
with cell layers or whole organisms. The method I have presented provides further basis
for investigating various C. virginica lines and/or polyploidy, in real-time, rapid
assessment of metabolic pathways.
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Life History Stages
I initially focused on measuring metabolic rate of larvae using the XFe96
Extracellular Flux Analyzer. Although I could detect some oxygen consumption in
individual larvae during my initial experiments, the levels were typically just above
background. Many individuals’ oxygen consumption could not be detected above
background, leading to negative OCR values (see outliers in Figure 4). Larvae have a
very low mass (~0.5 µg per individual; Helm et al., 2004), and likely do not consume
enough oxygen for OCR to be repeatedly measured in the time frame generally employed
in XFe96 Flux Analyzer assays. Furthermore, though anesthetizing with 50% MgCl

2

appeared to have slowed larval movement and reduced the frequency of negative OCR
measurements, the continual movement of the flux analyzer probe in and out of the well
likely provides an opportunity for larvae to be flushed out and “escape” the
microchamber space. On average, the injection of FCCP resulted in a 10% increase in
OCR, and the injection of NaAz resulted in a 5% decrease for larvae, indicating they
respond to these pharmaceuticals. However, repeatable measurements of the basal OCR
of larvae samples are difficult to achieve, and their low oxygen consumption levels do
not provide enough resolution to accurately detect differences in OCR values with
exposure to FCCP and NaAz.
On the other hand, oyster spat typically have up to two orders of magnitude more
mass per individual (~50 µg; Garcıá -Esquivel et al., 2002). As oxygen consumption rate
is well known to scale positively with mass (Bayne, 2017), it was not surprising to
observe a large increase in OCR for spat, relative to the larvae in my experiments. I thus
focused subsequent experiments on juveniles (spat). Spat are held in the hatchery until
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they reach a size of approximately 2 mm shell height, so, spat measured at 1 to 1.5 mm
are an early life stage which could provide rapid assessment of oyster lines prior to
distribution from the hatchery. An additional benefit of examining OCR in juveniles
includes their lack of mobility, as long as they are small enough to fit within the
microchamber space. Juveniles use all extra energy, after accounting for cell
maintenance, on growth, with none allocated towards reproduction (Kooijman,
1993). Individuals that are reproductive have variable metabolic rates, particularly postspawning (Bayne, 2017). In contrast, gametogenesis in triploid adults is diminished and
is unlikely to be affected by spawning (Guévélou et al., 2019). Measuring OCR in
juveniles therefore avoids any line-specific or ploidy-level differences in OCR due to
reproductive state. I recommend moving forward with a focus on spat for further assay
development.

XFe96 Flux Analyzer Methodology
Typical experiments in the XFe96 Extracellular Flux Analyzer include
measurements of a basal metabolic rate (basal OCR). Bayne (2017) has discussed the
various levels of metabolic rate and methods for estimating them in bivalves. Although
many authors have used the term “basal metabolic rate” he has argued that it is more
appropriate to refer to a “standard metabolic rate” (SMR) and separate this from a
“realized or routine metabolic rate” (RMR). The former is what is measured when the
organism has undergone a fasting period and separates the energetic costs of cell
maintenance from the energy required to feeding and digestion. In contrast, the “realized
metabolic rate” (RMR) is defined by Bayne (2017) as the rate expressed by an organism
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in their typical environment, under ambient conditions and is particularly appropriate
when experimental control of the diet is unsuitable. Starvation can be difficult to achieve
for whole organisms at the size capable of fitting in the XFe96 Extracellular Flux
Analyzer. I fed spat in my study ad libitum, in order to maintain health and availability
to adequate metabolic substrates to support normal mitochondrial activity (Jusup et al.,
2017). Thus, the basal metabolic rates I measured can be considered to be estimates of
the spats’ RMR.
Oxygen consumption rates are often reported in the literature on a mass-specific
basis; however, I was unable to measure the mass of the individual spat used. Even so,
assuming that the C. virginica spat used in my experiment had ratios of shell to wet tissue
mass similar to that of the spat used in the experiments of Garcıá -Esquivel et al. (2002),
then based on a shell height of 1-1.5 mm, my spat likely had a mass of around 60 µg ashfree dry weight. Adjusting the basal metabolic rate that I approximated for C. virginica
spat for this mass yields an estimated RMR of approximately 100 µmol oxygen • hour-1 •
g-1. This value falls within the range of mass-specific OCR (80-240 µmol oxygen • hour1

• g-1) Garcı́a-Esquivel et al. (2002) reported for well-fed C. gigas spat. Oxygen

consumption in ectotherms is well known to vary with temperature (Willmer et al., 2005),
and this would affect my measured realized metabolic rate (Bayne, 2017). I ran my
experiments at (27-30℃), which is 5°C higher than the conditions described in Garcı́aEsquivel et al. (2002). Even so, the estimates of RMR I obtained are consistent with
those reported by Garcı́a-Esquivel et al. (2002) for C. gigas spat.
There were occasionally wells where basal OCR appeared abnormal (e.g.,
consistently negative). This was likely due to issues with the probe, well damage, or spat
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being crushed and damaged due to probe movement. I removed data corresponding to
individual wells if those data were outside of one standard deviation from the mean. In
the dose-response experiments, I determined the optimal concentration of FCCP was 2
µM, as it resulted in the greatest change in OCR relative to basal, and the maximum often
occurred as a single peak. In a statistical analysis of the data, I found oyster spat
exhibited a significant response to the 2 µM FCCP injection. Larger doses of FCCP
appeared to result in inhibition, as maximal OCR decreased with increasing
concentrations. The maximal OCR for the majority of the samples occurred during the
measurement cycle immediately following the FCCP injection. However, some spat
samples reached their maximal rate approximately 2-3 cycles beyond this point,
particularly when exposed to FCCP at higher concentrations (see Figures 5 and 10). To
sustain maximum respiration, Ivanina et al. (2012) added ADP (adenosine diphosphate)
along with a mitochondrial uncoupler (CCCP), in order to sustain the maximal
response. Implementing this with the use of FCCP could provide a more consistent
maximal response, avoiding a secondary peak. However, the use of substrates, like ADP,
has been discussed by Hill et al. (2012), who considered the maximal OCR estimated
from experiments with intact cells (as opposed to isolated mitochondria) as the sustained
maximal response that is supported by the current state of those cells. Thus, adding
substrates may modify the results from the normal distribution of metabolic control.
I initially concluded that a concentration of 6 mM NaAz was sufficient for
estimating non-mitochondrial respiration, but later increased the concentration to 50 mM,
as it appeared to generate a larger, more consistent decrease in OCR. In statistical
analyses, the response exhibited by oyster spat was significantly higher when using the
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50 and 100 mM NaAz concentrations. With a concentration of 6 mM NaAz used in
experiment 15, the non-mitochondrial OCR of the spat was approximately triple that of
the mitochondrial OCR (see Figure 13A), which is inconsistent with the general
expectation that the majority of oxygen consumption in eukaryotic cells is due to
mitochondrial activity (e.g. Hill et al., 2012). In experiment 17, with 50 mM NaAz, the
response of the spat OCR to NaAz exposure results in an estimate of non-mitochondrial
OCR that is approximately 80% of the mitochondrial OCR (see Figure 13B).
There are few reports of the non-mitochondrial rate in oysters, however
Jayasundara et al. (2015) reported that, in heart tissue from teleost fish samples,
approximately 20% of their detected basal OCR was non-mitochondrial. A study by
Ivanina et al. (2012) found relatively low non-mitochondrial rates in intertidal clams and
scallops when exposed to potassium cyanide. It is likely that the high OCR following
NaAz exposure in my study is not representative of the non-mitochondrial
OCR. Previous studies with cell cultures and whole organisms in the XFe96 Flux
Analyzer have also employed the use of antimycin a and rotenone as a replacement for
NaAz (Hill et al., 2012; Jayasundara et al., 2015; Raftery et al., 2017). These reagents
cause a complete inhibition of oxidative phosphorylation complexes I and III, and could
result in a more consistent decrease in OCR than I observed with NaAz (Jayasundara et
al., 2015).

Application to Measuring Intraspecific Variation in Metabolic Profiles
A major focus in oyster aquaculture research is on the genetic improvement of
commercial lines, in order to increase the efficiency of production and improve yield
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(Hedgecock, 2011). Breeding programs center on oyster survival (e.g., diseaseresistance) and growth, which must be resilient for a wide variety of conditions (Rawson
& Feindel, 2012). Selection to obtain high yield genotypes is based on enhancing
survival to environmental stressors, including disease pressure, salinity variance, and
temperature extremes. Development of tetraploid broodstocks has also become a
valuable asset to oyster breeding strategies. Previous longitudinal studies comparing
mortality of diploid and triploid C. virginica found higher survival in their commercial
triploid samples (Dégremont et al., 2012). However, they were unable to determine the
cause of this apparent physiological advantage.
Research in the Chesapeake Bay has reported an unexplained triploid mortality in
the spring (Guévélou et al., 2019). Measuring an oyster line’s general capacity to
respond to stress could provide insight into the differences underlying this mortality. Dr.
Ximing Guo, co-inventor of the Rutgers tetraploid oysters, has reported the need for
improving the tetraploid genomic stability as, “tetraploid genomes are unstable and
performances of triploids are inconsistent” (Guo, 2015). Comparing the metabolic rates
of the C. virginica progeny from these tetraploids would allow for further exploration
into a resilient genome, and could lead to identification of the source of triploid
mortalities.
The assay I have designed allows for whole organism respirometry, which can be
used as a basis for C. virginica genotype improvement based on their metabolic
capacity. In my experiments comparing metabolic rates among spat from different
genetic lines, I interpreted my findings based on three metabolic parameters and two
partitions (Figure 3). The “basal OCR” is the rate expressed by the oyster under typical
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conditions, and was measured in the initial cycles of each experiment. The maximal rate
was achieved by injection of FCCP and the non-mitochondrial rate was determined by
injection of NaAz. By subtracting the basal rate from the maximal, I was able to
determine each individual’s “[aerobic] scope for routine metabolic performance,” or the
reserve respiratory capacity (Bayne, 2017). Subtracting the non-mitochondrial rate from
the basal returned the total mitochondrial capacity.
In my experiments employing diploid and triploid oysters, I compared the
metabolic profiles of Rutgers Haskin NEH diploid spat to triploid spat from a cross of
DEBY diploids and VIMS tetraploids. In experiment 15, the triploid spat had
significantly different mean values for all three metabolic parameters, compared to the
diploid spat (Figure 12). The increased basal and maximal OCR could be due to higher
ATP turnover, and/or due to activity, causing higher ATP demand (Hill et al., 2012;
Jayasundara, 2015). The difference in non-mitochondrial OCR could be due to a
variation in the antioxidant processes, such as production of hydrogen peroxide (Basal,
2017). However, I ran this experiment with 6 mM NaAz, instead of the more appropriate
level of 50 mM NaAz, and the non-mitochondrial OCR is much higher than the total
mitochondrial OCR (Figure 13). It is likely that the 6 mM dose of NaAz in experiment
15 did not result in a complete block of substrate oxidation activity in the mitochondria.
There were no significant differences between the triploid and diploid spat for the reserve
capacity OCR (Figure 13). This could be due to the triploid spat activity running higher
at basal and maximal conditions, or to a difference in mass.
The spat in experiment 17 expressed significant differences in their metabolic
partitions, but the differences in their metabolic parameters were not significant (see
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Figures 12 and 13). However, these spat samples were almost a week older than those
used in experiment 15, and showed signs of contamination (algae growth and ciliates),
therefore I have more confidence in the results of experiment 15. I plan to repeat this
experiment in the future in order to determine if the partition difference persists among
diploid and triploid oysters.
Further research expanding my methodology is necessary to better estimates of
the variation in OCR, and to determine whether variation in mitochondrial function
underlies any triploid physiological advantage. Because I was unable to measure the
mass of individual spat, I could not express OCR estimates on a mass-specific
basis. Future studies should include a measure of individual mass, either through
measurements of the ash-free dry weight of each spat sample immediately following the
experiment, or by measurements of their protein content. Another possibility for
standardization is employing the use of gill tissue from larger juvenile or adult oysters.
For example, experiments could use a biopsy punch to obtain samples of gill tissue with
equal mass, and therefore test multiple samples from each individual. Gill tissue is likely
the best choice for such experiments, both for the ease with which the tissue can be
dissected, and because it is a metabolically active tissue. Nonetheless, the assay I have
developed provides important groundwork for many contexts, including a quantitative
basis for evaluating resilience of C. virginica genotypes.
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